We found that species combinations such as Lactobacillus casei subsp. rhamnosus IFO3831 and Saccharomyces cerevisiae Kyokai-10 can form a mixed-species biofilm in coculture. Moreover, the Kyokai-10 yeast strain can form a biofilm in monoculture in the presence of conditioned medium (CM) from L. casei IFO3831. The active substance(s) in bacterial CM is heat sensitive and has a molecular mass of between 3 and 5 kDa. In biofilms from cocultures or CM monocultures, yeast cells had a distinct morphology, with many hill-like protrusions on the cell surface.
Biofilms are superficial microbial colonies found on solid surfaces at the solid-liquid interface. Studies of biofilm formation have primarily focused on biofilms formed by a single species of microorganism (5, 6, 8, 12) . In natural environments, however, biofilms are thought to be composed of more than one species. Indeed, several investigators have done pioneering work on mixed-species biofilm formation (1, 3, 4, 7, 11, 16) .
In the early period of traditional Japanese fermentation mashes to make rice wine and vinegar, experts recognized that lactic acid bacteria and yeasts coexisted in these mixtures, which contained steamed rice and rice koji (steamed rice grown with Aspergillus oryzae) (2, 10) . Moreover, the steamed rice and rice koji in the mashes provide many solid surfaces. These observations prompted us to investigate the possibility that lactic acid bacteria and yeast can form a mixed-species biofilm.
Initially, we tested 10 strains of lactic acid bacteria and 13 strains of yeasts for their ability to form biofilms. Lactic acid bacterial strains B-1, B-56, L-14, L-54, and H-61 in Table 1 were isolated in our laboratory from yoghurt samples. Saccharomyces cerevisiae X2180-1A is a widely used laboratory yeast strain. Yeast strains designated Kyokai-[number] were kindly supplied by the Brewing Society of Japan. Other bacterial and yeast strains were obtained from stock culture centers.
To prepare seed cultures, lactic acid bacteria were grown in DeMan, Rogosa, and Sharpe broth (MRS; Becton, Dickinson and Co., Sparks, MD) at 30°C for 24 h. Yeasts were grown in YPD broth (Becton Dickinson and Co.) at 30°C for 24 h. Cells were cultured to stationary phase.
Quantification of biofilm formation was done using the conventional titer plate method with minor modifications (14, 15) . To assay biofilm formation in monoculture, stationary-phase lactic acid bacteria or yeast cells were diluted 1:100 in fresh YPD (total, 200 l) and grown in microtiter plate wells. To assay biofilm formation in coculture, stationary-phase cultures of lactic acid bacteria and yeasts were diluted by 1:200 into fresh YPD broth (total, 200 l), mixed, and cocultured in microtiter plate wells. After inoculation, both mono-and coculture samples were incubated at 30°C for 24 h.
Alternatively, biofilms were formed on glass slides. To do this, either a 500-l monoculture of one cell type or 250-l monoculture of each cell type was added to 50 ml YPD in a beaker containing a glass slide and the chamber was incubated at 30°C for 24 h. After cultivation, the slide was washed three times with distilled water and dried at room temperature for 30 min. Dried biofilms on slides were Gram stained using the FAVOR-G SET-F kit (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) and examined under a microscope.
To prepare conditioned medium (CM), a 15-ml culture of Lactobacillus casei subsp. rhamnosus was transferred into 1,500 ml of YPD and incubated at 30°C for 24 h. Cells were removed by centrifugation (5,600 ϫ g for 20 min), and the supernatant was sterilized via passage through a 0.2-m-pore-size sterile filter (Toyo Roshi Co. Ltd., Tokyo, Japan). The sterilized flowthrough was considered CM. Further fractionation of CM was performed by ultrafiltration with centrifugal filter devices with a 10-kDa normal molecular mass limit, 5-kDa normal molecular mass limit, and 3-kDa molecular mass cutoffs (all from Millipore Co., Bedford, MA).
Light microscopic observation was performed using an Olympus BX60 equipped with a UPlanFl oil immersion lens (Olympus Co., Tokyo, Japan) and a DP90 digital camera (Olympus Co.). Scanning electron microscopy (SEM) was used to visualize the cell surface of the biofilm-forming yeast strain Kyokai-10. SEM was performed as described by Guzel-Seydim et al. (9) . Biofilm samples were prepared on a glass slide as described, shaved off with a rubber spatula, suspended in 0.1 M sodium phosphate buffer, and fixed with 2% glutaraldehyde. The samples were observed using a Keyence VE-8800 scanning electron microscope (Keyence Co., Osaka, Japan).
We set out to test for the ability to form a mixed-species biofilm for every combination of each of 10 species of lactic acid bacteria and 13 strains of the yeast Saccharomyces cerevi-siae using the conventional titer plate method (14, 15) . We observed distinct biofilm formation in seven combinations (Table 1). None of the lactic acid bacteria or yeasts formed biofilm in monoculture. However, some Kyokai yeast strains used in rice wine brewing did form biofilms when cocultured with suitable lactic acid bacterium partners. Culturing the cells in mixed populations had no significant effect on yeast or lactic acid bacterial cell numbers (data not shown).
To investigate possible interactions between lactic acid bacteria and yeasts, we cultured the yeast strains that had proved capable of forming biofilms (henceforth, "respondent yeasts") in monoculture in CM of partner lactic acid bacteria that had been grown in YPD medium. To our surprise, the respondent yeasts could form monospecies biofilms that reached biofilm mass levels similar to what was found for cocultures. The results obtained for the representative combination of Saccharomyces cerevisiae Kyokai-10 cells with CM from Lactobacillus casei subsp. rhamnosus IFO3831 (hereafter, L. casei IFO3831) are shown in Fig. 1 .
We next determined the effects of the heat treatment at 100°C for 10 min on the ability of the CM to induce biofilm formation in respondent yeasts. We found that for the representative combination of Kyokai-10 yeast with CM from L. casei IFO3831, a biofilm did not form in the presence of heattreated CM, suggesting that the putative biofilm-forming factor(s) in CM is heat sensitive (Fig. 1) . Similar results were obtained for all seven biofilm-competent combinations (data not shown).
In attempt to isolate the factor(s) that induces biofilm formation, untreated CM was fractionated using filter-type molecular sieves. The fraction with a molecular mass of between 3 and 5 kDa could induce biofilm formation of Kyokai-10 yeast (Fig. 2) . These data are consistent with the idea that CM (Fig. 4A) . In contrast, planktonic Kyokai-10 yeast cells did not have this type of protrusion on the cell surface but had bud scars (Fig. 4B ). In the case of the monoculture biofilm in the presence of CM from L. casei IFO3831, Kyokai-10 yeast cells again took on an ordinal spherical morphology with many protrusions visible on the cell surface (Fig. 4C) . Bud scars were detectable using calcofluor, but the small protrusions were not stained with calcofluor, consistent with the idea that they are a distinct morphological structure (data not shown). The micrographs shown in Fig. 4 are representative of what we observed for most yeast cells under the corresponding culture conditions.
To the best of our knowledge, ours is the first report that a mixed-species biofilm can be formed between lactic acid bacteria and yeast strains isolated from rice wine brewing cultures. This seems likely to have relevance to traditional Japanese fermentation of rice wine or vinegar, as in those settings, the rice provides plenty of solid surfaces on which biofilms could be formed. Traditionally, fermentation of rice wine and rice vinegar is done in the open air, and it has been established that under these conditions, various lactic acid bacteria and yeasts coexist in high density beginning at an early period of fermentation (2, 10) . We have also demonstrated that a yeast-biofilm-forming factor(s) of relatively low molecular weight was produced by lactic acid bacteria such as L. casei subsp. rhamnosus. Some lactic acid bacteria are known to produce lantibiotics, or peptidederived bacteriocins. Lantibiotics are similar in molecular weight to what we found for the biofilm-forming factor(s). Unlike the factor characterized here, however, most bacteriocins are heat resistant (13) . It seems likely that the biofilmforming factor(s) would differ from lantibiotics.
Based on what is known about bacterial and yeast behaviors, we reason that one or more signaling ligands are produced by lactic acid bacteria and received via a receptor on the surface of respondent yeast cells. Intracellular transduction of the signal presumably brings about formation of protrusions on the cell surface of the respondent yeast. We propose that the protrusions we observed on respondent yeast are necessary to help the yeast stick to a solid surface, thus facilitating formation of a biofilm. 
